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E-mail address: tomita@ifs.bioﬂuid.tohoku.ac.jp (NStaphylococcal c-hemolysin (Hlg) is a pore-forming toxin consisting of two separate components,
LukF (34 kDa) and Hlg2 (32 kDa). Here we show that Hlg pores aggregate and form clusters on
human erythrocyte membranes in association with increasing hemolytic activity. Quantitative anal-
ysis using transmission electron microscopy and image processing revealed that the formation of
single pores and clusters is related to the release of potassium ions and of hemoglobin from eryth-
rocytes, respectively. This is the ﬁrst study to suggest a novel and unique property which can facil-
itate hemolysis by the cluster formation of Hlg pores.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Staphylococcal c-hemolysin (Hlg) is a two-component cytolysin
isolated from the culture ﬂuid of Staphylococcus aureus [1,2]. It
consists of Hlg (34 kDa) and Hlg2 (32 kDa), which cooperatively
lyse erythrocytes of human and othermammalian species. Previous
studies have shown that Hlg shares one component with the
staphylococcal bi-component leukocytolytic toxin, leukocidin (i.e.,
Hlg1 is identical to LukF) [3,4]. Hence, Hlg1 is referred to as LukF.
We have studied the assembly and pore-forming nature of these
toxins [5–10] and revealed that Hlg and Luk form a transmembrane
pore with a functional diameter of ca. 2 nm [5,6]. Here, we suggest a
novel and unique property of the Hlg pore. Transmission electron
microscopy (TEM) observation of Hlg-treated human erythrocyte
membranes revealed ﬁrstly that Hlg pores gather and form aggre-
gates termed clusters on the membrane. Although aggregation of
pores with alignment on the lipid vesicle have been reported in
several pore-forming toxins such as a-hemolysin from S. aureus
[11] and ClyA from Escherichia coli [12], a cluster-like structurechemical Societies. Published by E
ukF, LukF (Hlg1) component
t of staphylococcal c-hemol-
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. Tomita).aggregated by Hlg pores with random accumulation and localiza-
tion on the erythrocyte membrane have not been found. Nguyen
et al. have estimated cluster formation of Hlg pores based on the
results by single-molecule ﬂuorescence imaging [13] and our TEM
observation (data not shown). Yamaji-Hasegawa et al. have shown
that lysenin derived from the earthworm Eisenia foetida, which is
known as a sphingomyelin-speciﬁc binding protein, has a property
of aggregation on erythrocyte membranes [14]. However, in both
studies, clusters aggregated with pores were not visualized directly
and the correlation between the hemolytic activity and cluster
formation was not investigated. The present study shows that the
formation of clusters of Hlg pores and that a correlation of hemo-
lytic activity to the cluster formation by counting with TEM. The
results exhibit a latent property of Hlg for hemolysis with novel
and unique mechanisms.2. Materials and methods
2.1. Staphylococcal Hlg and hemolytic assay
LukF and Hlg2 were puriﬁed from the culture supernatant of
S. aureus 5R Smith strain as mature protein without signal peptide
following reference [3]. Accession numbers (AN) of LukF and Hlg2
from S. aureus 5R Smith strain are not registered yet. However,
both nucleotide sequences were already determined [4] and theylsevier B.V. All rights reserved.
Fig. 1. TEM images of the clusters formed on the Hlg-treated HE membranes HEs were incubated with LukF (A: 150 pM, B–F: 30 pM) and Hlg2 (A: 150 pM, B–F: 30 pM) at
37 C for 30 min. Black arrowheads mark the edge of the hole around the clusters. White arrowheads show the pores anchored to the membranes. Scale bars in panels A–C
and D–F shows 500 and 100 lm, respectively.
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LukF (NP_375532) and Hlg2 (NP_375530) from N315 strain.
Human erythrocytes (5  107 cells/ml, HEs) were incubated with
20 pM of LukF and Hlg2 at 0 C for 1 min. The erythrocytes were
collected by centrifugation at 2000g for 1 min at 4 C and washed
twice with phosphate buffered saline to remove non-bound Hlg.
The Hlg-bound HEs were incubated at 37 C for 1, 3, 5, 10 and
20 min. After centrifugation at 800g for 5 min, hemolytic activity,
that is the amount of hemoglobin released from the Hlg-bound
erythrocytes, was measured with absorbance at 541 nm for the
supernatants. One hundred percent hemolysis was deﬁned as the
absorbance value obtained when erythrocytes were exposed to
0.5% Triton X-100 at 37 C for 20 min. Zero percent hemolysis
was deﬁned as the absorbance value obtained when the cells were
incubated without toxin at 0 C for 5 min.
2.2. Efﬂux of potassium ions from Hlg-treated HE
HEs were incubated with 20 pM of LukF and Hlg2 at 0 C for
1 min. Removal of non-bound Hlg and incubation were performed
as described in Section 2.1. The amount of potassium ions from the
Hlg-treated erythrocytes wasmeasured as described previously [5].
2.3. TEM observation
The samples for TEM were prepared as follows. (i) HEs were
incubated with 30–150 pM of LukF and Hlg2 at 37 C for 30 min.
Erythrocyte membranes were collected by centrifugation at
15,000g at 4 C for 5 min and washed twice with 5 mM sodium
phosphate buffer (pH 7.4) by centrifugation (this method is applied
to the experiment shown in Fig. 1). (ii) HEs were treated with Hlg
as described in Section 2.1. Membranes were collected and washed
as described above (this method is applied in the experiments as
shown in Figs. 2–5).
The TEM observation of the specimens stained negatively with
1% (w/v) sodium phosphotungstic acid, as described previously
[7], was performed under a Hitachi electron microscope H-8100
(Hitachi, Tokyo). The number of pores and that of clusters in the
ﬁeld were converted to the number per cell, the total surface area
of the erythrocyte being 160 lm2. Pores existed as single entitiesand formation of all clusters per cell were deﬁned as a single pore
and a clustered pore, respectively. The number of clustered pores
and the total number of pores per cell were calculated as follows:
Clustered pores=cell¼ðthe number of clusters=cellÞ
ðthe number of pores from the top view=clusterÞ
ð1Þ
Total number of pores=cell ¼ clustered pores=cell
þ single pores=cell ð2Þ
All numbers were counted in 20–30 ﬁelds in three independent
experiments in each condition.
2.4. Image analysis
HEs were treated with 30–300 pM of LukF and Hlg2 and washed
as described in Section 2.1. The cluster formation being observed as
described in Section 2.3. The clusters located on the membrane
were extracted using a threshold of concentration value of the
images with Scion Image Beta 4.03. The area of each cluster was
calculated from the number of pixels in the region of the cluster.
2.5. Statistics
The Tukey–Kramer method was used to compare the means of
the number of pores per cluster and those of the number of clusters
per cell for 5, 10 and 20 min (Fig. 4A and B). The Mann–Whitney U
test was used to compare means of the top and side areas per clus-
ter between 3 and 30 min (Fig. 5A). The Kruskal–Wallis test was
used to compare the means of the top and the side areas per cluster
in three toxin concentrations (Fig. 5B). The level of statistical sig-
niﬁcance used was P < 0.05.
3. Results and discussion
3.1. The Hlg pore complexes form clusters on the cell membrane of HEs
Fig. 1 shows typical TEM images of Hlg-treated HEs. In this con-
dition, the hemolytic activity reaches almost 100% (data not
Fig. 2. Hlg-induced releases of the hemoglobin and the potassium ion correlated with the formation of clusters and single pores. (A) Releases of the hemoglobin and the
potassium ions with time. Before incubation at 37 C each time, the erythrocytes were incubated with LukF (20 pM) and Hlg2 (20 pM) at 0 C for 1 min and washed to remove
unbound toxin. (B) Formation of single pores and clusters on the Hlg-treated erythrocytes with time. Panels a–f are typical images at the points of 0, 1, 3, 5, 10 and 20 min,
respectively, shown in Fig. 2A. White and black arrows indicate typical single pores and clusters, respectively. Black arrowheads mark the edge of the hole around clusters.
Scale bars show 100 lm.
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aggregations of pores with top and side views. In this study, an
aggregation of pores was termed a cluster. In panel C, the mem-
brane region between two clusters indicated by white arrows is
caved in. Panels D, E and F are enlarged images of the clusters. Pa-
nel D shows the top view of the cluster (black arrow), and panels E
and F are side views of the clusters (white arrows). The pores form-
ing the clusters are often piled up three-dimensionally in various
directions as shown by white arrows in panels B, C, E and F. As
shown by black arrowheads in panels D and E, the membranes
around the clusters disappear and large holes with diameters of
a few hundred nanometers are formed. As shown by white arrow-
heads, several pores in the cluster are anchored to a part of the
membrane. In our previous study, the diameter of Hlg pores was
estimated to be approximately 2 nm [5], which is smaller than that
of hemoglobin. However, hemoglobin seems to easily pass through
the large hole around the cluster.
Fig. 2 shows that the release of potassium ions and hemoglobin
from HEs and the formation of single pores and clusters with time.In this condition, each assay can be monitored under a constant
amount of toxin bound to the erythrocyte. The concentrations of
20 pM of LukF and Hlg2 are enough to form single pores and clus-
ters. As shown in Fig. 2A, almost all potassium ions in the erythro-
cyte are leaked within 3 min. In contrast, only 20% of hemoglobin
in the erythrocyte is leaked in 3 min. Representative TEM images
show the pores existed as single entities mainly for 3 min
(Fig. 2B, panels b and c), and the clusters appeared after 5 min
(Fig. 2B, panels d–f). With time, the membranes on the cluster
are destroyed (shown with black arrowheads in Fig. 2B, panels
d–f). These results could indicate that potassium ions inside the
erythrocyte can pass through the single pores and that the hemo-
globin can easily pass through after a large hole is formed around
the cluster. The breakage of the membrane around the cluster is
still unknown, and further studies are necessary to resolve a mech-
anism of the formation of a large hole. As a hypothesis, it may be
caused by the concentrative inﬂux of water and ion molecules
through the cluster and/or the loss of ﬂexibility of the membrane.
The quantity of the release of hemoglobin observed within 3 min
Fig. 3. Relationship of the releases of potassium ions and hemoglobin with the formation of single pores and clusters. (A) Ratios of clustered pores and single pores per cell.
(B) Correlation of the hemolytic activity with the ratios of clustered pores (a) and single pores (b). The error bar shows the standard error.
Fig. 4. Time-dependent change of the average number of pores forming a cluster (A) and the average number of clusters per cell (B) analyzed by direct counting using TEM.
The treatment method of erythrocytes with Hlg is the same as that of the experiment shown in Fig. 2. The error bar shows the standard error.
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single pore.
3.2. The formation of single pores and clusters induces the release of
potassium ions and hemoglobin
In Fig. 3, the number of single pores and that of clustered
pores were counted directly using TEM images. Fig. 3A shows
that the ratio of single pores is dominant until 5 min. In contrast,
the ratio of clustered pores increases gradually with time. The
release of potassium ions can reach 100% within the time thatthe ratio of single pores is dominant. The release of hemoglobin
increases as the ratio of single pores decreases and the ratio of
clustered pore increases. As shown in Fig. 3B panel a, there is
a positive correlation between the release of hemoglobin and
the ratio of clustered pores. When the ratio of clustered pores
is approximately 50%, the release of hemoglobin reaches satura-
tion at 100%. On the contrary, there is a negative correlation be-
tween the release of hemoglobin and the ratio of single pores
(Fig. 3B, panel b). Thus, the release of hemoglobin is mainly in-
duced by the formation of clusters but not by the formation of
single pores.
Fig. 5. Change of the top and side areas of clusters analyzed by image processing.
(A) Time-dependent change of the average area per cluster. White and grey bars
show the top and side areas of clusters at 3 min and 30 min after treatment of
erythrocytes with LukF (30 pM) and Hlg2 (30 pM) at 37 C, respectively. (B) Toxin
concentration-dependent change of the average area per cluster. White, grey and
black bars show that the top and side areas of clusters with the concentrations of
LukF and Hlg2 are 30, 150 and 300 pM, respectively.
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It was investigated whether the increase in the ratio of clus-
tered pores depends on the increase in the number of clusters
per cell or on the increase in the number of pores per cluster.
Fig. 4A shows that the average number of pores per cluster does
not change signiﬁcantly during the examination time. To the
contrary, as shown in Fig. 4B, the average number of clusters
per cell increases with time, and signiﬁcant differences are found
between 5 and 10 min (P < 0.01) and between 10 and 20 min
(P < 0.05). Thus, the increase in the number of clusters per cell
is a dominant parameter for the number of clustered pores
and may lead to enhancement of hemolytic activity. As shown
in Fig. 5A, both the top area and the side area of the clusters
at 3 min and 30 min after erythrocyte treatment with 30 pM of
LukF and Hlg2 have similar values. This result is consistent with
the result of Fig. 4. When the Hlg concentration is increased, no
signiﬁcant differences are detected in either the top or the side
areas (Fig. 5B). With a result of observation of form of cluster
on an artiﬁcial phosphatidylcholine membrane (data not shown)
and the potential of phosphatidylcholine to be a key factor to
form functional transmembrane pore [15], these results indicate
that after binding of Hlg to a key factor to form functional trans-
membrane pore on the membrane, the number of pores in a
cluster can be regulated. Additionally, when the top areas of
clusters are supposed to be a circle with minimum areas of
the large holes, the mean minimum diameter of large holes is
calculated to be approximately 100 nm.When toxin concentrations decrease to 1.5 pM of LukF and
Hlg2, both single pores and clusters can be formed, but several
clusters with weakly interacted pores seem to be incomplete. Sev-
eral membranes around the incomplete clusters are still remained,
and hemolytic activity can reach only about 50% (data not shown).
The construction mechanism of a cluster; namely, how the
pores interact and pile up, is still unknown and further studies
are necessary. This study also shows signiﬁcant results indicating
that Hlg has a different cytolytic mechanism from staphylococcal
a-hemolysin as a prototype of pore-forming toxin and a major vir-
ulence factor [11]. In the case of Hlg, the effective cytolytic activity
by cluster formation has potential to facilitate infection of animals
by S. aureus.
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